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ABSTRACT: The roofing systems of low-rise buildings are commonly made of thin and 6 
high strength steel roof sheeting and battens. These light gauge steel roofing systems are 7 
subjected to high wind uplift loads during tropical cyclones and thunderstorms. In recent 8 
times, the roof batten to rafter or truss connection failures have been identified as a major 9 
cause for severe roof failures during high wind events. Most of these connection failures were 10 
in the form of localised pull-through failures of the bottom flanges of steel roof battens at 11 
their screw connections. The design practice at present is based on expensive and time 12 
consuming full scale tests or inappropriate small scale tests. Hence there is an urgent need to 13 
develop suitable test methods to determine the pull-through capacity of roof battens. This 14 
paper presents the details of an experimental study undertaken to investigate the pull-through 15 
failures of light gauge steel roof battens using both full scale and small scale tests, and the 16 
results. It has shown that the design capacity equations and the test methods given in the 17 
current cold-formed steel design standards for single screw connections cannot be used for 18 
roof batten pull-through failures. It recommends suitable small scale test methods and 19 
associated calculation methods to determine the pull-through capacities of roof battens. 20 
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Introduction 35 
 36 
In Australia, the roofing systems of low-rise buildings such as houses, schools, hospitals and 37 
commercial, industrial and farm buildings are commonly made of high strength (G550 and 38 
G500) and thin (0.42 to 1.20 mm) steel roofing sheets and battens (or purlins). Fig. 1 shows 39 
the details of a typical steel roofing system made of corrugated or trapezoidal roof sheeting 40 
screw fastened to the top flange of trapezoidal battens whose bottom flanges are fastened to 41 
rafters or trusses below. The light gauge steel roofing systems are quite vulnerable under high 42 
wind events such as tropical cyclones and thunderstorms that are becoming more intense and 43 
frequent in recent times. During such wind events, the light gauge steel roofing systems are 44 
subjected to high wind uplift loads and the connections located within the roofing systems 45 
often fail prematurely due to structural inadequacy, leading to the failure of the entire roof 46 
structure. In the past, these connection failures were mostly at the roof sheeting to batten 47 
connections (see Fig. 1).  48 
 49 
Most of these connection failures were in the form of pull-through failures in which the screw 50 
fastener head pulled through the thin roof sheeting and also in the form of pull-out failures in 51 
which the screw fastener pulled out of the roof batten (Fig. 2). Laboratory and field 52 
investigations (Walker, 1975, Beck and Stevens, 1979, Reardon and Oliver, 1982) have 53 
shown the occurrence of both static and fatigue failure modes under static and cyclic wind 54 
uplift loads, respectively. However, advances made by extensive research studies and the 55 
introduction of improved fatigue test criteria for roof cladding (Mahendran, 56 
1990a,b,1994,1995,1997, Xu and Reardon, 1993, Jancauskas et al., 1994, Xu, 1995, 57 
Mahendran and Tang, 1998, Mahendran and Mahaarachchi, 2002 and Mahaarachchi and 58 
Mahendran, 2004,2009) have improved the safety of roof sheeting to batten connections 59 
significantly. As a result of this and the fact very light gauge steel battens are being used, the 60 
roof batten to rafter or truss connection (see Figs. 1 and 2) has now become the weakest link 61 
in the uplift loading chain. This has been proven by the failures observed during recent wind 62 
damage studies following severe storms and cyclones (Boughton and Falck, 2007, 2008). The 63 
batten to rafter/truss connection failure is very critical as both roof sheeting and battens 64 
(entire roof structure) will be lost during wind events. Our laboratory investigations have 65 
shown that these batten connections with screw fasteners in tension were subjected to pull-66 
through failures in which the screw fastener head pulled through the bottom flanges of 67 
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battens as shown in Fig. 3. Static (Fig. 3(a)) and fatigue failure (Fig. 3(b)) modes were 68 
observed during static and cyclic wind load tests, respectively. 69 
 70 
Since appropriate design rules are not available in the current cold-formed steel design 71 
standards to determine the pull-through capacities of roof battens accurately, researchers, 72 
engineers and roof batten manufacturers have to undertake detailed experimental studies of 73 
roof battens. Since the small scale test methods in the current design standards are unsuitable 74 
for the batten pull-through failures, the current design practice mainly depends on expensive 75 
and time consuming full scale tests of the entire roofing system. This situation is undesirable 76 
as steel roof battens are available in a wide range of configurations, and with the possibilities 77 
of using them in many combinations of different batten spans and spacing, it leads to the need 78 
for too many full scale tests. Cost and repeatability are two key factors in choosing a suitable 79 
test method in addition to the need to accurately simulate both loading and connection details. 80 
Hence there is an urgent need to develop an inexpensive, simple and accurate laboratory test 81 
method that can be used by both researchers and manufacturers to determine the pull-through 82 
capacity of roof battens. This paper presents the details of suitable laboratory test methods 83 
developed using a detailed experimental study consisting of both small scale and full scale 84 
tests of roof battens, and discusses their accuracies in simulating the pull-through failures of 85 
roof battens under static wind uplift loading. It also establishes the basis to investigate these 86 
localised failures under cyclic wind uplift loading. 87 
 88 
Current Design and Test Methods for Screw Connections in Cold-formed Steel 89 
Structures 90 
 91 
The current Australian/New Zealand cold-formed steel structures design standard AS/NZS 92 
4600 (SA, 2005) gives a design capacity equation as follows to estimate the pull-through (or 93 
pull-over) capacity (Nov) of screwed connections in tension if the two sheets are in contact at 94 
the point of fastening, using self-tapping screws of nominal diameter (df), where 3.0 ≤ df ≤ 95 
7.0 mm.  96 
 97 
Nov = 1.5  t  dw  fu                    (1) 98 
 99 
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for 0.5 < t < 1.5 mm, where t - thickness of sheet in contact with screw head, dw - the greater 100 
of screw head and washer diameters (8 < dw < 12.5 mm) and fu - the tensile strength of the 101 
sheet in contact with the screw head in MPa.  102 
 103 
Although such a relevant design equation (Equation 1) is available, its applicability is not 104 
clear due to the lack of details presented. For example, it is not known whether this design 105 
equation is applicable to steel roof batten connections. Steel roof batten connections satisfy 106 
the conditions of Equation 1, ie. the screwed connection is in tension and there are two sheets 107 
in contact at the fastening point. However, it overestimates the pull-through failure loads 108 
significantly when compared with experimental results (Sivapathasundaram and Mahendran, 109 
2014). In addition, Equation 1 limits the screw head size to 12.5 mm and thus it is not 110 
applicable for the commonly used 12 gauge screws with a screw head diameter of 14.5 mm. 111 
Hence it cannot be used to estimate the pull-through capacities of thin steel roof battens in 112 
many cases, and the need to develop a new design capacity equation for battens becomes 113 
important. 114 
 115 
The current North American specification for the design of cold-formed steel structural 116 
members (AISI S100, 2012) presents a design capacity equation to determine the pull-over 117 
(pull-through) strength of sheet per screw fastener (Pnov) as follows: 118 
 119 
Pnov = 1.5  t  d’w  Fu                    (2) 120 
 121 
where t - thickness of member in contact with screw head or washer, d’w - the effective pull-122 
over (pull-through) strength diameter and Fu - the tensile strength of the member in contact 123 
with screw head or washer. 124 
 125 
Although this pull-through capacity equation is similar to the design capacity equation in 126 
AS/NZS 4600 (SA, 2005), the upper limit for the effective pull-over (pull-through) strength 127 
diameter d’w is defined as 19.1 mm instead of 12.5 mm. Hence this design capacity equation 128 
can be used for the commonly used 12 gauge screw fasteners with a screw head diameter of 129 
14.5 mm. However, this equation also overestimates our test results in the same manner as 130 
the AS/NZS 4600 design capacity equation.  131 
 132 
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The current Eurocode 3 Part 1-3 (EN 1993-1-3, 2006) recommends a design capacity 133 
equation to estimate the pull-through resistance of self-tapping screws loaded in static tension 134 
(Fp,Rd) as follows: 135 
 136 
Fp,Rd =  t dw fu                    (3) 137 
 138 
where t - thickness of the thinner connected part or sheet (0.5 ≤ t ≤ 1.5 mm), dw - diameter of 139 
the washer or the fastener head and fu - ultimate tensile strength of the thinnest sheet which is 140 
next to the screw fastener head (fu ≤ 550 MPa). 141 
 142 
This pull-through resistance equation also appears to be similar to the design equations 143 
recommended in AS/NZS 4600 and AISI S100. However, this equation predicts smaller pull-144 
through failure loads compared to the other two design equations. Despite this, this equation 145 
also overestimates the batten pull-through failure loads (Sivapathasundaram and Mahendran, 146 
2014). In addition, since our uniaxial tensile tests give ultimate tensile strengths of 710 and 147 
700 MPa for 0.55 and 0.75 mm G550 steels, respectively, it is not clear whether this equation 148 
is applicable as they exceed the recommended ultimate tensile strength (fu) limit of 550 MPa. 149 
Also, the nominal diameter of the fastener (d) limits are given (3.0 ≤ d ≤ 8.0 mm), but the 150 
more important limits for the diameter of the washer or the fastener head (dw) are not given. 151 
  152 
In addition to these design capacity equations, design standards also recommend test methods 153 
to assess pull-through capacities accurately in specific instances. AS/NZS 4600 recommends 154 
a cross-tension test method shown in Fig. 4(a) to determine the connection capacities of 155 
specific cases such as crest-fixed connections. This test method is based on specimens 156 
consisting of two strips of steel sheet (150 mm × 50 mm), which are connected by a single 157 
fastener to form a cross and a tensile force is applied perpendicular to the plane of the 158 
specimen. The current American (AISI, 2013) and European (ECCS, 2009) provisions 159 
recommend four different test methods such as standard test (Fig. 4(b)), specific standard test, 160 
alternative test and large scale test for the evaluation of pull-through capacity, mainly for 161 
valley-fixed roof sheeting connections. However, except the large scale test, all the other 162 
three small scale test methods fail to simulate the realistic bending behaviour (both 163 
longitudinal and transverse bending) of steel roofing sheets. Hence Mahendran (1997) 164 
recommended a modified test set-up (Fig. 4(c)), which includes both longitudinal and 165 
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transverse bending of sheeting to accurately model the tensile stresses around the roof 166 
sheeting screw fasteners.  167 
 168 
Although the roof batten connections appear to be similar to the roof sheeting connections 169 
(see Figs. 1 to 3), a closer look shows that they are different and are expected to behave 170 
differently. The roof batten connections have two separate screw connections in the bottom 171 
flanges and the wind uplift load is transferred via the top flange. The batten geometry is 172 
important in simulating the actual load sharing behaviour between the screw connections, and 173 
thus only a single screw connection as shown in Figs. 4(a) to (c) cannot be used in the testing 174 
of roof battens.  175 
 176 
In the firmly fastened roof batten connections, there is negligible movement between the 177 
screw head and the batten bottom flange and thus the presence of any shear force in the 178 
horizontal plane of the bottom flange is unlikely. This is confirmed by the undamaged pre-179 
drilled screw fastener holes observed after our tests. Hence it is clear that the applied tensile 180 
load on the top flange is predominantly transferred as tensile loads to the batten screw 181 
fasteners, which leads to high stresses around the edge of the screw fastener head and 182 
eventual pull-through failures of roof battens in their bottom flanges (Figure 3). Since both 183 
screw fasteners are eccentrically located from the loading point (batten top flange) (Figure 5), 184 
the tensile load transferred to the screw fastener creates higher stresses around the screw 185 
fastener head closer to the web to bottom flange corner. This specific load transfer/sharing 186 
cannot be simulated using the standard test methods (Figures 4(a) and (b)) recommended in 187 
the current design standards as they are based on a single screw fastener connection loaded 188 
concentrically. The single screw fastener connections used in such standard tests provide 189 
higher pull-through failure loads since they share the loads more uniformly compared to the 190 
batten connections with two separate screw connections in their bottom flanges (Figure 5).  191 
 192 
Although the standard tests were not conducted in this study, the pull-through failure loads 193 
obtained from Mahendran and Mahaarachchi (2001) were used to verify their applicability to 194 
roof batten connections. For example, using the AISI standard test method shown in Fig. 4(b) 195 
they obtained a pull-through failure load of 2.59 kN for G550 0.42 mm steel sheeting using 196 
screw fastener connections of 10 mm screw head diameter. This pull-through failure load is 197 
28.9% higher than the pull-through failure load of 2.01 kN for G550 0.55 mm roof batten 198 
obtained in our tests using 10 gauge screw fasteners (screw head diameter of 11 mm). If the 199 
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standard test was conducted with G550 0.55 mm steel sheeting and 10 mm screw head, the 200 
pull-through failure load would have been significantly more than 2.59 kN. This 201 
demonstrates that the AISI standard test method will significantly overestimate the pull-202 
through failure load of roof batten connections. Therefore, the actual roof batten connections 203 
should be simulated using two screw fastener connections and a batten specimen (Figure 5) 204 
instead of using a standard test specimen with a single screw fastener connection (Figure 205 
4(b)).  206 
 207 
In summary, none of these recommended small scale test methods available in the standards 208 
for roof sheeting connections with single screw fasteners are applicable to determine the pull-209 
through capacity of a batten to rafter/truss screw connection. All the issues discussed above 210 
clearly portray the unsuitability of the currently available design rules and test methods to 211 
determine the pull-through capacities of steel roof battens accurately, and the importance of a 212 
detailed experimental study on pull-through failures of battens. As the first step, this study 213 
therefore was aimed to develop suitable test methods that can be used to determine the batten 214 
pull-through capacities accurately. 215 
 216 
Experimental Study 217 
 218 
The steel roof batten system used in low-rise buildings is a multi-span steel roof batten 219 
system, which is subjected to a uniform wind uplift load on its top flange transferred via 220 
closely spaced screw fasteners that connect its top flange to the roof sheeting above it. The 221 
wind uplift loading on a steel roof batten system thus creates both a tensile action in the 222 
screw fasteners connecting the bottom flange of batten to rafter/truss and a bending moment 223 
in the batten cross-section, and the pull-through failures of battens occur under these two 224 
actions. For research and testing purposes, a two-span roof batten system with simple 225 
supports at the two ends is considered structurally adequate to represent a multi-span roof 226 
batten system. Full scale tests of the entire roofing system using an air-box testing facility and 227 
three types of small scale tests of battens using an Instron testing machine were conducted in 228 
this study. 229 
 230 
Two industrial steel roof battens (Topspan 4055 and 4075) and 10 gauge screw fasteners 231 
(screw head diameter of 11 mm) were first used to study the pull-through failure behaviour of 232 
battens. Both Topspan 4055 and 4075 roof battens are made of G550 steel sheets and have 233 
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similar geometric profiles with an overall height of 40 mm, but have different base metal 234 
thicknesses of 0.55 and 0.75 mm, respectively (Fig. 5). 235 
 236 
Full Scale Tests 237 
 238 
Full scale tests are normally conducted using roof panels made of steel rafters, battens and 239 
roof sheeting with a wind suction pressure loading applied on the roof sheeting in order to 240 
simulate the wind uplift behaviour of light gauge steel roofing systems. Therefore, a full scale 241 
test was first undertaken using an air-box testing facility. A test panel based on two-span roof 242 
sheeting and batten systems was made using 0.48 mm thick corrugated steel roof sheeting, 243 
Topspan 4055 steel battens and channel section rafters as shown in Fig. 6(a). The corrugated 244 
roof sheeting was fastened at alternate crests to three battens at 750 mm spacing using 6.5×55 245 
roof zips with cyclone washers. The three two-span roof battens with a span of 1200 mm 246 
were fastened to channel section rafters using 10 gauge screw fasteners. The roof sheeting to 247 
batten connections were designed to have higher pull-out and pull-through strengths so that 248 
the pull-through failures of battens would occur first. The assembled roof panel was placed 249 
upside down at the top of the air-box and was subjected to a suction pressure on the roof 250 
sheeting (Fig. 6(b)). The suction pressure on the roof sheeting was simulated by extracting 251 
the air using an air pump. An external pressure transducer was fixed to the air-box to measure 252 
the pressure inside the air-box during the tests. The suction pressure was slowly increased 253 
until the screw fasteners pulled through the batten bottom flanges at the critical central 254 
support of the middle batten (see Fig. 6(a)). 255 
 256 
Although these full scale tests represent the roofing systems and their behaviour under wind 257 
actions more realistically, they are expensive and time consuming compared to small scale 258 
tests. In an extensive experimental study, cost and repeatability are two key aspects in 259 
addition to the need to simulate the failures accurately. Past wind damage studies and our full 260 
scale laboratory tests have clearly shown that the pull-through failure of battens is localised to 261 
the fastener region under the influence of two actions, a tension load in the fastener and a 262 
bending moment in the batten at the central support that causes longitudinal tensile stresses in 263 
the bottom flanges (Fig. 6(a)). Therefore a series of small scale tests, namely, two-span batten 264 
tests, cantilever batten tests and short batten tests, was undertaken in this research to identify 265 
suitable small scale test methods that can simulate the pull-through behaviour of battens 266 
accurately. In the small scale tests, concentrated loads were applied on the battens instead of 267 
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applying a wind uplift pressure loading on roof sheeting as it was considered adequate to 268 
simulate the required tension load in the screw fasteners and the support bending moment in 269 
this study of localised roof connection failures. The full scale air-box test results were used to 270 
determine the accuracy of small scale test results. Small scale tests were conducted using an 271 
Instron testing machine at a loading rate of 1 mm/minute. As recommended in AISI (2008) a 272 
minimum of three or more small scale tests was conducted for all the cases to ensure that all 273 
the individual test results are within ±15% of the calculated respective average test load. 274 
 275 
Two-span Batten Tests 276 
 277 
A two-span batten system subject to two concentrated loads at mid-spans is considered 278 
structurally adequate to represent a multi-span batten system exposed to wind action. 279 
However, the critical central support reaction of a two-span batten test set-up shown in Fig. 280 
7(a) cannot be measured directly, and simple statics also cannot be used to estimate as the 281 
support conditions are not known adequately. As a solution to this problem, a modified two-282 
span test set-up shown in Fig. 7(b) was developed in which Individual Fastener Load 283 
Measurements (IFLM) could be taken. In this test set-up, tensile forces/reactions in both 284 
screw fasteners at the central support were measured accurately by using a special 285 
arrangement in which a load cell was used under each fastener. In order to use a load cell, 286 
Unbrako bolts were used instead of screw fasteners, but the same screw head was used like a 287 
washer. For example, Unbrako bolts were used with the actual 10 gauge screw heads instead 288 
of using a same size high tensile washer as shown in Fig. 7(c). This allowed the accurate 289 
simulation of 10 gauge screw head including its underside and edge details. The arrangement 290 
shown in Fig. 7(d) allowed the load cell to be located under the rafter/truss to measure 291 
individual fastener forces/reactions. A small ‘C’ section was chosen as the support member in 292 
the modified test set-up, which provided space to fix the load cells below the top flange of 293 
this ‘C’ section and to adjust the pretension values more easily. Two K180 washer load cells 294 
(15 kN capacity) were used to measure the fastener reactions (Fig. 7(d)). The initial 295 
pretension force in the fasteners was chosen as 100 N and used in all the tests to provide a 296 
level of rigidity. A special aluminium block shown in Fig. 7(e) was used to pre-drill the holes 297 
required for Unbrako bolts to be located at the correct locations in the batten bottom flanges, 298 
ie. the middle of the bottom flanges, and to ensure the original batten geometry was 299 
maintained during specimen preparation.  300 
 301 
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Two different batten spans (300 and 450 mm) were chosen to identify the effects of bending 302 
moment at the critical central supports on the pull-through failure of battens. The effects due 303 
to additional bending moments and deflections caused by mid-span concentrated loads but 304 
distributed over a length of 50 mm as shown Fig. 7(b) were identified using a simple analysis 305 
based on the bending moment to reaction ratios at the critical central support.  It showed that 306 
a uniformly loaded batten span in a two-span batten system is equivalent to 1.36 times the 307 
span in a two-span batten system loaded at mid-span points. Hence the 300 and 450 mm 308 
spans used in the tests are equivalent to prototype spans of 400 and 600 mm, respectively, 309 
which are very commonly used in low-rise building roofing systems in particular for 310 
residential roof construction. To maintain a better clarity and understanding, the span values 311 
used in the tests are referred and used throughout this paper. 312 
 313 
Cantilever Batten Tests 314 
 315 
Although the 10 gauge screw fastener head edge and underside details were simulated 316 
accurately using a bolt system in the small scale two-span batten test, there is a need to 317 
compare its performance with the real screw fastener connection behaviour using self-drilling 318 
10 gauge screw fasteners. As a suitable solution for this problem, the cantilever action of 319 
battens was used in which the bending behaviour of battens can be included while the support 320 
reactions can also be easily measured. Hence cantilever batten tests as shown in Fig. 8(a) 321 
were conducted using a 350 mm long batten specimen (cantilever length of 150 mm) with 322 
real 10 gauge screw fasteners. The batten was screw fastened to the SHS rafter using a torque 323 
adjustable Makita FS 2700 screw driver. For comparison purposes, the cantilever tests were 324 
also conducted with individual fastener load measurements without changing any other test 325 
parameters (Fig. 8(b)).  326 
 327 
Short Batten Tests 328 
 329 
Since the pull-through failure of battens appears to be localised to the fastener region, short 330 
batten tests without any bending action of battens were also conducted (Fig. 9(a)). A 150 mm 331 
long batten specimen was used with 10 gauge screw fasteners in these tests. Short batten tests 332 
with individual fastener load measurements (IFLM) were also conducted for comparison and 333 
improved understanding purposes (Fig. 9(b)). 334 
 335 
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Full Scale Tests with IFLM  336 
 337 
Although the pull-through failure loads from the full scale air-box tests can be estimated by 338 
multiplying the measured air-pressure by the batten to purlin connection tributary area, there 339 
are some uncertainties regarding air-pressure distribution inside the air-box and actual 340 
tributary area contributing to a typical batten to truss/rafter connection. Hence a full scale air-341 
box test was conducted using Topspan 4075 steel battens with individual fastener load 342 
measurements as shown in Fig. 10 for improved understanding and comparison purposes.   343 
 344 
In the first full scale air-box test (without IFLM), the pull-through failure load (2.23 kN) was 345 
estimated by multiplying the measured applied pressure (4.96 kPa) by the batten to purlin 346 
connection tributary area (batten span of 1200 mm × batten spacing of 750 mm). The batten 347 
pull-through failure mode observed in this test is shown in Fig. 14(d). This pull-through 348 
failure mode obtained for Topspan 4055 batten with a span value of 1200 mm ensures that 349 
this type of pull-through failure mode will also be the governing batten failure mode for the 350 
other commonly used smaller batten spans such as 450, 600 and 900 mm in low-rise 351 
buildings. In addition, this result also proves that the other commonly used thicker Topspan 352 
4075 battens will also fail in similar batten pull-through failure mode for similar span values. 353 
Hence a large number of small scale tests based on two-span battens, cantilever battens and 354 
short battens were undertaken in this study using Topspan 4055 and 4075 battens to ensure 355 
that they simulated these pull-through failure modes and loads accurately. Their results are 356 
discussed in the following section. 357 
 358 
Discussion of Test Results 359 
 360 
A typical total applied or individual fastener load versus displacement curve from the two-361 
span batten tests with IFLM is shown in Fig. 11, where displacement is the deflection of 362 
batten at mid-span. The individual fastener load versus displacement curves showed that in 363 
many cases both bottom flanges did not fail at the same load. In some instances, the load 364 
when the first pull-through failure occurred in the bottom flange on one side was higher than 365 
the load when the second pull-through failure occurred in the bottom flange on the other side 366 
(referred to as first and second pull-through failure loads). In some other cases, the second 367 
pull-through failure load was higher than the first pull-through failure load. In these cases, the 368 
pull-through failure loads were determined by averaging the individual fastener loads as none 369 
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of them can be neglected. Although it was rare, in some cases both pull-through failure loads 370 
were equal, ie. an ideal failure situation to determine the pull-through failure load of battens 371 
(Fig. 13).  372 
 373 
The pull-through failure loads for cantilever batten and short batten tests with real 10 gauge 374 
screw fasteners (without IFLM) were estimated from the total load recorded on the Instron 375 
testing machine. Since both bottom flanges of the test battens did not fail at the same time, 376 
the applied load versus displacement curves generally produced two notable peak values 377 
indicating two pull-through failure loads as shown in Fig. 12.  378 
 379 
In most of these cases, the first peak value was the highest load and in such instances the 380 
pull-through failure load was determined by dividing that value by the number of fasteners 381 
(two). It was assumed that both fasteners equally shared the applied load until the first pull-382 
through failure occurred. However, it is likely the fastener load was higher on the bottom 383 
flange where it pulled through first. If the lower second peak value was included, it would 384 
underestimate the pull-through failure load as the second fastener load should have increased 385 
rapidly although the total load was decreasing due to a sudden drop in the first fastener load. 386 
Hence considering only the first peak value is a reasonable conservative approach. In some 387 
cases the second peak was the highest as shown in Fig. 12. This could have happened due to 388 
some unknown experimental variations and material variability. In these situations, it was 389 
believed that as the bottom flange on one side took more load than the other bottom flange, it 390 
pulled through the screw head first. After the first pull-through failure, the other bottom 391 
flange took a major share of the applied load. Hence if only the first peak load was 392 
considered, it would underestimate the actual pull-through failure load. Hence the average of 393 
both peak values was used. However, it was easier to understand which bottom flange pulled 394 
through the screw head and its exact failure load with the use of IFLM in the cantilever and 395 
short batten tests (Fig. 13).  In this case, the pull-through failure loads were calculated by 396 
averaging the measured individual pull-through failure loads. In addition, the sum of both 397 
fastener reactions was checked against the recorded load from the Instron testing machine as 398 
shown in Fig. 13. 399 
 400 
Based on these detailed analyses, the pull-through failure loads were calculated, and are 401 
presented with their means and coefficients of variation in Tables 1 and 2 for Topspan 4055 402 
and 4075 battens, respectively. The pull-through failure modes in both small and full scale 403 
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tests were similar and they were localised failures with tearing of thin bottom flange of steel 404 
batten that initiated from the screw head edge point near the batten web and moved in both 405 
directions around the screw head in a semi-circle shape as shown in Fig. 14. This specific 406 
pull-through failure mode was caused by the circular screw fastener head in full contact with 407 
the batten bottom flange. 408 
 409 
The results from short batten tests (1.97 and 3.38 kN) agreed reasonably well with the results 410 
from the cantilever batten tests (1.99 and 3.63 kN). The short batten tests did not simulate the 411 
bending moment in the batten at the support. Hence the above comparison indicates that the 412 
bending behaviour of roof batten does not affect its pull-through failure load significantly. 413 
The results from the short batten tests with IFLM (2.00 and 3.50 kN) also matched well with 414 
the results from the cantilever batten test results with IFLM (1.99 and 3.37 kN). These results 415 
also imply that the use of a special fastener arrangement consisting of Unbrako bolts and 416 
screw head as washer in the tests with IFLM allows accurate simulation of the real screw 417 
fastener connection behaviour. Hence the usage of this fastener arrangement in the two-span 418 
tests allowed the measurement of exact pull-through failure load while also simulated the real 419 
screw fastener connection. The two-span test results (300 mm span tests - 1.95 and 3.05 kN 420 
and 450 mm span tests - 1.93 and 3.00 kN) also showed reasonable agreements with the short 421 
and cantilever batten test results. These results obtained using individual fastener load 422 
measurements also prove that the bending actions of battens do not significantly affect the 423 
pull-through failure behaviour of battens. Also a very good agreement shown by these two 424 
different two-span tests (spans of 300 and 450 mm) confirmed that different bending 425 
moments at the critical central supports did not affect the pull-through failure loads. This is 426 
because the pull-through failures of roof battens initiate at the screw fastener head edge 427 
closest to the batten web (ie. not in the transverse direction of the batten), and thus the 428 
longitudinal tensile stress due to the bending moment at the critical central support of a full 429 
scale or small scale two-span batten system does not significantly affect the pull-through 430 
failure loads of roof battens. 431 
 432 
In addition, the full scale air-box test results obtained for two-span batten roof assemblies 433 
with 1200 mm span (2.23 and 3.55 kN) also support this finding. The pull-through failure 434 
loads obtained from the full-scale tests with and without IFLM have shown a reasonable 435 
agreement between their test results. The pull-through failure loads obtained from the full 436 
scale tests were slightly higher than the pull-through failure loads obtained from the small 437 
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scale tests due to possible experimental variations and thus the small scale tests can be used 438 
for further testing purposes as their results are on the slightly more conservative side. These 439 
observations relating to both pull-through failure mode and load indicate that small scale tests 440 
can be used satisfactorily to investigate the pull-through failures of battens instead of the 441 
more expensive and time consuming full scale air-box tests. Among the small scale tests, 442 
short batten tests are recommended, however, some small scale two-span tests are also 443 
recommended to validate short batten test results.  444 
 445 
Since both cantilever and short batten tests gave similar pull-through failure loads in their 446 
tests with and without IFLM, the additional benefit of using IFLM in these tests was 447 
investigated by comparing their test results. Hence the pull-through failure loads were also 448 
estimated using the total applied load from Instron testing machine for the cantilever and 449 
short batten tests in which the individual fastener loads were also measured. Since the pull-450 
through failures did not occur at the same time on both bottom flanges, the method 451 
recommended following Fig. 12 was used to determine the pull-through failure load based on 452 
the measured total load from Instron testing machine. The pull-through failure loads obtained 453 
using these methods are compared in Tables 3 and 4 for cantilever and short batten tests, 454 
respectively. 455 
 456 
The pull-through failure loads obtained using the total load are overestimated in a few cases 457 
but underestimated in some other cases. However the percentage differences are not 458 
significant compared to the observed experimental variations of ± 15 %. This shows that the 459 
cantilever and short batten tests can be conducted without using an individual fastener load 460 
measuring system and the batten pull-through failure loads can be satisfactorily estimated 461 
using only the total load from Instron testing machine. Further, these comparisons also show 462 
that these two different estimation methods with and without IFLM used to obtain the pull-463 
through failure loads are sufficiently accurate. 464 
 465 
The pull-through failure loads of the two-span batten tests were also estimated using simple 466 
statics with a suitable assumption for the screw fastener support conditions. Assuming pinned 467 
support conditions, the pull-through failure load was calculated based on the applied total 468 
load from Instron testing machine and a central support reaction coefficient of 1.375 (ie. 469 
central support reaction = 1.375 × load on one span). These pull-through failure loads are 470 
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compared with the pull-through failure loads obtained using IFLM in Tables 5 and 6 for two-471 
span tests with 300 and 450 mm spans, respectively.  472 
 473 
The pull-through failure loads obtained using simple statics overestimate the pull-through 474 
failure loads determined using IFLM in all the cases and the overestimation percentages are 475 
significant for most of them. This is unacceptable for the purpose of developing design 476 
capacity equations as it leads to unsafe design solutions. Since the level of overestimation 477 
appears to depend on the span (overestimation percentages are high for 300 mm span tests 478 
than 450 mm span tests), finding a more accurate central support reaction coefficient (instead 479 
of 1.375) to accurately predict the critical central support reactions (pull-through failure 480 
loads) is not possible. Hence for the two-span batten tests, the pull-through failure loads of 481 
battens can only be obtained accurately by using an individual fastener load measuring 482 
system as developed and used in this study.  483 
 484 
The average pull-through failure loads obtained from the tests were compared against the 485 
pull-through failure loads estimated using the pull-through design capacity equations 486 
provided in AS/NZS 4600 (SA, 2005) (Equation 1), AISI S100 (2012) (Equation 2) and EN 487 
1993-1-3 (2006) (Equation 3). The measured tensile strengths of 710 and 700 MPa were used 488 
in Equations 1, 2 and 3 for 0.55 and 0.75 mm G550 steels, respectively. These results are 489 
compared in Table 7, which shows that the pull-through failure loads obtained using the 490 
design capacity equations significantly overestimate the pull-through failure loads obtained 491 
from our experimental study.  AS/NZS 4600 and AISI S100 recommend the use of reduced 492 
tensile strength for low ductile steels such as G550. When a reduced tensile strength equal to 493 
75% of the minimum tensile strength of 550 MPa was used conservatively for both 0.55 and 494 
0.75 mm G550 steels, Equations 1 and 2 were still found to overestimate the pull-through 495 
failure loads significantly (86.1% and 52.2% for TS 4055 and 4075 roof battens). Hence 496 
these design equations cannot be used to determine the pull-through capacities of steel roof 497 
battens. So there is an urgent need to develop suitable design rules that can be used to 498 
accurately determine the pull-through design capacities of battens. As an interim solution, the 499 
pull-through capacity design equations in AS/NZS 4600 and AISI S100 design standards 500 
(Equations 1 and 2) were modified with the inclusion of a suitable reduction factor (α). 501 
 502 
Nov = 1.5 α t d fu                    (4) 503 
 504 
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Suitable reduction factors (α) of 0.54 and 0.66 were determined for TS 4055 and 4075 roof 505 
battens, respectively. Based on these values, a reduction factor of 0.5 is recommended for TS 506 
4055 and 4075 roof battens to be used with a reduced fu equal to 75% of the minimum 507 
ultimate tensile strength of 550 MPa (412.5 MPa). 508 
 509 
Comparison of Topspan Batten Test Outcomes with QUT Battens 510 
 511 
The pull through behaviour and failure load is likely to depend on many critical parameters 512 
such as steel thickness and grade, batten geometry including bottom flange width, height etc. 513 
and screw fastener head size, its underside details and location. Hence an experimental study 514 
aimed at developing suitable design rules to accurately predict the pull-through failure loads 515 
should include battens other than those available in the industry at present. Hence, 516 
appropriate batten specimens were also fabricated using a press braking process at the 517 
Queensland University of Technology (QUT) workshop and tested first to determine whether 518 
their test results agree with those obtained initially using Topspan 4055 and 4075 battens. 519 
Two-span and short batten tests were conducted for this purpose using QUT battens. The 520 
two-span batten tests were conducted for a span of 350 mm while the short batten tests were 521 
conducted using 150 mm long specimens. For comparison purposes, the QUT battens were 522 
made using the same geometry and thicknesses as Topspan 4055 and 4075 battens (Fig. 15). 523 
The main differences between them were the fabrication method, ie. roll forming versus press 524 
braking, absence of rolled safety edges in the bottom flanges and possible differences in the 525 
web to flange corner radii. 526 
 527 
The test results obtained from both two-span and short batten tests using QUT battens also 528 
showed a good agreement among their pull-through failure loads. This comparison also 529 
shows that the bending action of battens does not significantly affect the pull-through failure 530 
behaviour of battens. The reasonable agreements observed between the failure modes and 531 
loads obtained for Topspan battens and similar battens fabricated at QUT show that steel roof 532 
battens can be fabricated using a press braking process in the university workshop and used 533 
in a detailed experimental study to investigate pull-through failures of battens. 534 
 535 
 536 
 537 
 538 
 
 
17 
 
Conclusions 539 
 540 
This paper has presented the details of an experimental study undertaken to investigate the 541 
pull-through failures of light gauge steel roof battens at their screw connections to rafter or 542 
truss using both full scale and small scale tests. It has shown that suitable small scale test 543 
methods can be satisfactorily used instead of the more expensive and time consuming full 544 
scale air-box tests. Among the small scale test methods, the short batten test method using 545 
150 mm long roof batten specimens is recommended for detailed experimental studies (Fig. 546 
16). However, some small scale two-span batten tests using 300 mm long roof batten 547 
specimens are also recommended for the purpose of re-confirming the accuracy of short 548 
batten test results.  549 
 550 
The short batten tests can be conducted without individual fastener load measurements 551 
(IFLM). In this case, the calculation method recommended in this paper based on Fig. 12 552 
must be used since the pull-through failures may not occur at the same time in both flanges of 553 
a batten. For two-span batten tests, IFLM must be used to obtain accurate pull-through failure 554 
loads of battens.  555 
 556 
The small scale batten test methods developed using the commercially available Topspan 557 
4055 and 4075 battens were also found suitable for battens fabricated using a press braking 558 
process in a university workshop. Hence it is concluded that a detailed experimental study on 559 
the pull-through failures of steel battens can be successfully conducted using such battens and 560 
the recommended small scale test methods for developing suitable design rules for pull-561 
through failures of roof battens. Cyclic tests can also be conducted using the same test 562 
methods to investigate the fatigue pull-through failures. 563 
 564 
This paper has shown that the design capacity equations and the test methods recommended 565 
in the current design standards for single screw fastener connections cannot be used to 566 
determine the pull-through capacities of battens. It has also shown that the current design 567 
equations provided in the design standards significantly overestimate the pull-through 568 
capacities of battens and hence suitable design capacity equations must be developed and 569 
used instead. As an interim solution, the design capacity equations available in AS/NZS 4600 570 
(SA, 2005) and AISI S100 (AISI, 2012) design standards were modified with the inclusion of 571 
a suitable reduction factor. 572 
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Fig. 1. Typical steel roofing system 
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Fig. 2. Roof sheeting to batten connection failures (a) Static pull-through failures (b) Fatigue 
pull-through failures (c) Static pull-out failures and (d) Fatigue pull-out failures (Mahendran 
and Mahaarachchi, 2002) 
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Fig. 3. Roof batten to rafter/truss connection failures (a) Static pull-through failure mode and 
(b) Fatigue pull-through failure mode 
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Fig. 4. Small scale test methods (a) AS/NZS 4600 Cross-tension test (b) AISI S905 Standard 
test and (c) Mahendran’s (1997) test method 
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Fig. 5. Topspan 4055 and 4075 roof battens (Lysaght, 2012)
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Fig. 6. Full scale test (a) Two-span roof panel assembly and (b) Air-box test set-up 
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Fig. 7. Two-span batten test method (a) Conventional two-span batten test set-up (b) 
Modified two-span batten test set-up with IFLM (c) Screw fastener arrangements (d) Load 
cell and (e) Aluminium block 
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Fig. 8. Cantilever batten tests (a) without IFLM and (b) with IFLM 
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Fig. 9. Short batten tests (a) without IFLM and (b) with IFLM 
Fastener Reaction 
RHS Beam 
Roof Batten 
10g Screw Fastener  
150 mm
Applied Load 
Instron 
(a) 
(b) 
Fastener 
Reaction 
Applied 
Load 
Roof Batten 
Load Cell 
‘C’ Section 
Rafter 
1 
 
 
 
Fig. 10. Air-box test set-up with IFLM 
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Fig. 11. Load versus displacement curves from two-span batten tests with IFLM 
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Fig. 12. Load versus displacement curves from short batten tests without IFLM 
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Fig. 13. Load versus displacement curves from short batten tests with IFLM 
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Fig. 14. Pull-through failure modes (a) Two-span batten tests (b) Cantilever batten tests (c) 
Short batten tests and (d) Full scale air-box tests 
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Fig. 15. QUT roof batten tests (a) QUT batten (b) Two-span batten tests (c) Short batten tests 
and (d) Pull-through failure mode 
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(b) Test Set-up 
Fig. 16. Proposed Short Batten Test Method 
 
 
150 mm
75 mm
50 mm
Loading Plate
Roof Batten
Screw 
Fastener Head 
Screw Fastener 
Reaction 
Applied Load 
1 
 
Table 1. Pull-through failure loads of Topspan 4055 batten tests 
 
Test type Pull-through failure load (kN) Mean COV 
Two-span Batten Tests with IFLM  
(Span = 300 mm) 
Two-span Batten Tests with IFLM  
(Span = 450 mm) 
2.03, 1.86, 1.97 
 
1.77, 1.96, 2.11, 1.86, 1.94 
1.95 
 
1.93 
0.04 
 
0.07 
Cantilever Batten Tests  2.08, 1.82, 2.07 1.99 0.07 
Cantilever Batten Tests with IFLM 2.09, 1.95, 1.65, 2.05, 2.23 1.99 0.11 
Short Batten Tests  1.85, 2.24, 1.74, 2.03 1.97 0.11 
Short Batten Tests with IFLM 
Full scale Air-box Test  
(Span = 1200 mm) 
2.30, 2.08, 1.87, 1.90, 1.87 
2.23 
2.00 
... 
0.09 
... 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
Table 2. Pull-through failure loads of Topspan 4075 batten tests 
 
Test type Pull-through failure load (kN) Mean COV 
Two-span Batten Tests with IFLM  
(Span = 300 mm) 
3.21, 2.70, 3.23 3.05 0.10 
Two-span Batten Tests with IFLM  
(Span = 450 mm) 
3.14, 2.87, 3.03, 3.00, 2.96 3.00 0.03 
Cantilever Batten Tests  3.65, 3.58, 3.66 3.63 0.01 
Cantilever Batten Tests with IFLM 3.41, 3.02, 4.00, 3.34, 3.09 3.37 0.11 
Short Batten Tests  3.05, 3.26, 3.32, 3.89 3.38 0.11 
Short Batten Tests with IFLM 3.81, 3.76, 3.76, 2.96, 3.22 3.50 0.11 
Full scale Air-box Test with IFLM 
(Span = 1200 mm) 
3.55 ... ... 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
Table 3. Comparison of pull-through failure loads from cantilever batten tests with IFLM 
 
Test name Pull-through failure load 
using IFLM (kN) 
Pull-through failure load  
using Instron Total Load  (kN) 
Difference 
(%) 
TS 4055 - Test 1 2.09 2.10 0.48 
TS 4055 - Test 2 1.95 2.00 2.56 
TS 4055 - Test 3 1.65 1.82 10.30 
TS 4055 - Test 4 2.05 1.96 -4.39 
TS 4055 - Test 5 2.23 2.09 -6.28 
TS 4075 - Test 1 3.41 3.52 3.23 
TS 4075 - Test 2 3.02 3.06 1.32 
TS 4075 - Test 3 4.00 3.43 -14.25 
TS 4075 - Test 4 3.34 3.24 -2.99 
TS 4075 - Test 5 3.09 3.52 13.92 
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Table 4. Comparison of pull-through failure loads from short batten tests with IFLM 
 
Test name Pull-through failure load 
using IFLM (kN) 
Pull-through failure load  
using Instron Total Load  (kN) 
Difference 
(%) 
TS 4055 - Test 1 2.30 2.13 -7.39 
TS 4055 - Test 2 2.08 2.06 -0.96 
TS 4055 - Test 3 1.87 2.09 11.76 
TS 4055 - Test 4 1.90 1.78 -6.32 
TS 4055 - Test 5 1.87 1.98 5.88 
TS 4075 - Test 1 3.81 3.52 -7.61 
TS 4075 - Test 2 3.76 3.98 5.85 
TS 4075 - Test 3 3.76 3.68 -2.13 
TS 4075 - Test 4 2.96 3.04 2.70 
TS 4075 - Test 5 3.22 3.32 3.11 
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Table 5. Comparison of pull-through failure loads from two-span tests with 300 mm span 
 
Test name Pull-through failure load 
using IFLM  
(kN) 
Pull-through failure load 
using Calculations  
(kN) 
Overestimation 
(%) 
TS 4055 - Test 1 2.03 2.56 26.11 
TS 4055 - Test 2 1.86 2.27 22.04 
TS 4055 - Test 3 1.97 2.39 21.32 
TS 4075 - Test 1 3.21 3.68 14.64 
TS 4075 - Test 2 2.70 3.87 43.33 
TS 4075 - Test 3 3.23 3.85 19.20 
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Table 6. Comparison of pull-through failure loads from two-span tests with 450 mm span 
 
Test name Pull-through failure load 
using IFLM  
(kN) 
Pull-through failure load 
using Calculations  
(kN) 
Overestimation 
(%) 
TS 4055 - Test 1 1.77 2.16 22.03 
TS 4055 - Test 2 1.96 2.27 15.82 
TS 4055 - Test 3 2.11 2.16 2.37 
TS 4055 - Test 4 1.86 2.18 17.20 
TS 4055 - Test 5 1.94 2.29 18.04 
TS 4075 - Test 1 3.14 3.26 3.82 
TS 4075 - Test 2 2.87 3.27 13.94 
TS 4075 - Test 3 3.03 3.12 2.97 
TS 4075 - Test 4 3.00 3.40 13.33 
TS 4075 - Test 5 2.96 3.34 12.84 
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Table 7. Comparison of pull-through failure loads obtained from tests and Equations 1 or 2 
and Equation 3 
 
Batten 
type 
 
Tests 
(kN) 
 
Eq. 1 or 2 (kN) Overestimation (%) Eq. 3 
(kN) 
 
Overestimation 
(%) 
 
Measured 
fu 
Minimum 
fu* 
Measured 
fu 
Minimum 
fu* 
TS 4055 2.01 6.44 3.74 220.4 86.1 4.30 113.9 
TS 4075 3.35 8.66 5.10 158.5 52.2 5.78 72.5 
 
Note: *75% of minimum fu (550 MPa) = 412.5 MPa 
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Table 8. Pull-through failure loads of QUT batten tests 
 
Test type Pull-through failure load (kN) Mean COV 
Short Batten 0.55 mm Tests with IFLM  1.75, 1.87, 1.80, 1.79, 2.24 1.89 0.11 
Two-span 0.55 mm Batten Tests  
with IFLM (Span = 350 mm) 
2.08, 2.03, 2.29 
 
2.13 0.06 
Short Batten 0.75 mm Tests with IFLM  3.19, 3.40, 3.15, 3.32, 3.49 3.31 0.04 
Two-span 0.75 mm Batten Tests  
with IFLM (Span = 350 mm) 
3.78, 3.85, 3.98 3.87 0.03 
 
 
